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simultaneity and of absolute space are revolutionary steps.
However, all of us would agree, I would think, that the Times statement "Newtonian ideas overthrown," being unqualified, tends to create the incorrect impression of a past being entirely swept away. That is not how science progresses. The scientist knows that it is in his enlightened selfLinterest to protect the past as much as is feasible, whether he be a Lavoisier breaking with phlogiston, an Einstein breaking with the aether, or a Max Born breaking with classical causality.
These tensions between the progressive and the conservative are never more in evidence than during a revolutionary period in science, by which I mean a simultaneity and of absolute space are revolutionary steps.
These tensions between the progressive and the conservative are never more in evidence than during a revolutionary period in science, by which I mean a The introduction of probability in the sense of quantum mechanics that is, probability as an inherent feature of fundamental physical law may well be the most drastic scientific change yet effected in the 20th century. At the same time, this advent marks the end rather than the beginning of a scientific revolution, a term often used but rarely defined.
In The introduction of probability in the sense of quantum mechanics that is, probability as an inherent feature of fundamental physical law may well be the most drastic scientific change yet effected in the 20th century. At the same time, this advent marks the end rather than the beginning of a scientific revolution, a term often used but rarely defined.
In At the time Born left for the United States, all the publications (two) on quantum mechanics were Gottingen products. Interest in this work was spreading, however. Others had begun thinking, but few had as yet much of a grasp of what was happening. The mathematics was unfamiliar, the physics intransparent. In September, Einstein wrote to Ehrenfest about Heisenberg's paper: "In Gottingen they believe in it (I don't)" (11) . At about that same time, Bohr considered the work of Heisenberg to be "a step probably of fundamental 17 DECEMBER 1982 importance" but noted that "it has not yet been possible to apply [the] theory to questions of atomic structure" (12) . Whatever reservations Bohr initially may have had, these were dispelled by early November (12, footnote 17), when word reached him (13) that Pauli had done for matrix mechanics what he himself had done for the old quantum theory: derive the Balmer formula for the discrete spectrum of hydrogen.
Let us return to MIT. Born was one of the authors of the first paper on quantum mechanics to be written in the United States . Heisenberg' s mechanics, as it stood then, was specifically designed for dealing with discrete energy spectra. At MIT, Born and Norbert Wiener developed a general operator calculus that could be applied to the discrete as well as to the continuous case. They were proud to be the first to solve a continuum problem: the motion of a free particle in one dimension (14) . (Their methods have since been superseded.) As we will see, Born's early involvement with continuum problems was crucial for his discovery of the quantum mechanical probability concept.
Summer of 1926
By the time Born returned to Gottingen from his American journey, Schroedinger had discovered wave mechanics and had derived the complete spectrum of the hydrogen atom (15) . Uhlenbeck told me: "The Schroedinger theory came as a great relief, now we did not any longer have to learn the strange mathematics of matrices." Rabi told me how he looked through Born's book Atommechanik for a nice problem to solve by Schroedinger's method, found the symmetric top, went to Kronig, and said: "Let's do it." They did (16). Wigner told me: "People began making calculations but it was rather foggy." Indeed, until the spring of 1926 quantum mechanics, whether in its matrix or its wave formulation, was high mathematical technology of a new kind, manifestly important because of the answers it produced, but without clearly stated underlying physical principles. Schroedinger was the first, I believe, to propose such principles in the context of quantum mechanics, in a note completed not later than May, which came out on 9 July (17). He suggested that waves are the only reality; particles are only derivative things. In support of this monistic view he considered a suitable superposition of linear harmonic oscillator wave functions and showed (his italics): "Our wave group holds permanently together, does not expand over an ever greater domain in the course of time," adding that "it can be anticipated with certainty" that the same will be true for the electron as it moves in high orbits in the hydrogen atom. Thus he hoped that wave mechanics would turn out to be a branch of classical physics a new branch, to be sure, yet as classical as the theory of vibrating strings or drums or balls.
Schroedinger At best, this statement is vague. Born added a footnote in proof to his evidently hastily written paper: "A more precise consideration shows that the probability is proportional to the square of 4)mn He should have said ';absolute square." But he clearly had got the point, and so the correct expression for the transition probability concept entered physics by way of a footnote.
I will return shortly to the significant fact that Born originally associated probability with 4?mn rather than with I4)mnl2. As I learned from recent private discussions, Dirac had the same idea at that time. So did Wigner, who told me that some sort of probability interpretation was then on the minds of several people and that he, too, had thought of identifying dEmn or I4'mnl with a probability. When Born' s paper came out and I 4)mn 1 2 turned out to be the relevant quantity, "I was at first taken aback but soon realized that Born was right," Wigner said. If Born's paper lacked formal precision, causality was brought sharply into focus as the central issue: "One obtains the answer to the question, not swhat is the state after the collision' but show probable is a given effect of the collision.'... Here the whole problem of determinism arises. From the point of view of our quantum mechanics there exists no quantity which in an individual case causally determines the eSect of a collision.... I myself tend to give up determinism in the atomic world." However, he was not yet quite clear about the distinction between the new probability in the quantum mechanical sense and the old probability as it appears in classical statistical mechanics: "It does not seem out of the question that the intimate connection which here appears between mechanics and statistics may demand a revision of the thermodynamic-statistical principles. "
One month after the June paper, Born completed a sequel with the same title (21). His formalism is firm now and he makes a major new point. He considers a normalized stationary wave function + reterring to a system with discrete, nondegenerate eigenstates l1Jn and notes that in the expansion
Icnl2 is the probability for the system to be in the state n. In June he had discussed probabilities of transition, a concept that, at least phenomenologically, had been part of physics since 1916, when Einstein had introduced his A and B coefficients in the theory of radiative transitions and at once had begun to worry about causality (22) . Now Born introduced the probability of a state. That had never been done before. He also expressed beautifully the essence of wave mechanics: "The motion of particles follows probability laws but the probability itself propagates according to the law of causality." During the summer of 1926 Born's insights into the physical principles of quantum mechanics developed rapidly. On 10 August he read a paper before the meeting of the British Association at Oxford (23) in which he clearly distinguished between the "new" and the "old" probabilities in physics: "The classical theory introduces the microscopic coordinates which determine the individual processes only to eliminate them because of ignorance by averaging over their values; whereas the new theory gets the same results without introducing them at all.... We free forces of their classical duty of determining directly the motion of particles and allow them instead to determine the probability of states. Whereas before it was our purpose to make these two definitions of force equivalent, this problem has now no longer, strictly speaking, any sense."
The history of science is full of gentle irony. In teaching quantum mechanics, most of us arrive at Eq. 1, note that something is conserved, and identify that something with probability. But Schroedinger, who discovered that equation, did not make that connection and never liked quantum probability, while Born introduced probability without using Eq.
1.
In this article I do not at all attempt to describe all aspects of the history of probability in quantum physics. However, I cannot refrain from mentioning a remark found in a paper, completed in December 1926, in which for the first time in print the probability for a manyparticle system with coordinates ql, . . ., qf is introduced: "I+(ql, . . ., qf)12 dql * * * dqf is the probability that, in the relevant quantum state of the system, the coordinates simultaneously lie in the relevant volume element of configuration space." The paper is by Pauli and deals with gas degeneracy and paramagnetism. The remark was inspired by Born's work and is found-once againin a footnote (24) . My own attempts at reconstructing Born's thinking (necessarily a dubious enterprise) are exclusively based on his two papers on collision phenomena and on a letter he wrote to Einstein, also in 1926. Recall that Born initially thought, however briefly, that W rather than lWl2 was a measure of the probability. I find this impossible to understand if it was true that, at that time, he had been stimulated by Einstein Thus it seems to me that Born's thinking was conditioned by the following circumstances. He knew and accepted the fertility of Schroedinger's formalism but not Schroedinger's attempt at interpretation: "He [Schroedinger] believed . . . that he had accomplished a return to classical thinking; he regarded the electron not as a particle but as a density distribution given by the square of his wave function lPl2. He argued that the idea of particles and of quantum jumps be given up altogether; he never faltered in this conviction.... I, however, was witnessing the fertility of the particle concept every day in [James] Franck's brilliant experiments on atomic and molecular collisions and was convinced that particles could not simply be abolished. A way had to be found for reconciling particles and waves" (30). His quest for this way led him to reflect on Einstein's idea of a ghost field. It now seems less surprising that his first surmise was to relate probability to the ghost field, not to the "(ghost field)2." His next step, from W to 1+12, was entirely his own. We 17 DECEMBER 1982 owe to Born the beginning insight that + itself, unlike the electromagnetic field, has no direct physical reality.
What Made Born Take This
Born's work on the statistical interpretation occupies a singular position in his oeuvre. It is his most innovative contribution. At first glance this choice of scientific problem seems somewhat unlike Born. As Heisenberg once said, "Born was more of a mathematician" (31), more the man for the "probleme bien pose." It seems not entirely farfetched, however, to consider Born' s problem of June and July 1926 to be just of that kind: "A way had to be found for reconciling particles and waves." It should also be noted that Born may not have realized at once the profundity of his contribution, which helped bring to an end the quantum revolution. In a later interview he reminisced as follows about 1926: "We were so accustomed to making statistical considerations, and to shift it one layer deeper seemed to us not very important" (32). What was created in those stirring years is still with us. To this day there are physicists, some of them quite thoughtful, who are uncomfortable with the probability interpretation. However, there are neither experimental nor theoretical arguments that force us to believe in the necessity for a revision of the rules of the nonrelativistic quantum theory. I do not care to speculate about the future, but I would like to conclude by repeating a comment, made more than a quarter of a century ago, which is still timely: "It has been well said that the modern physicist is a quantum theorist on Monday, Wednesday, and Friday, and a student of gravitational relativity theory on Tuesday, Thursday, and Saturday. On Sunday the physicist is neither, but is praying to his God that someone, preferably himself, will find the reconciliation between these two views" (37).
Changing of the

Postscript: The Born Approximation
It is a bit odd-and caused Born some chagrin-that his papers on the probability concept were not always adequately acknowledged in the early days. Heisenberg's own version (38) Having finished our work, we wondered what had been done earlier about this convergence question. We searched the literature, found nothing more concrete than assertions that the expansion will be the more trustworthy the higher the energy or the smaller the quantity IAI, until we finally discovered that Born had considered our question in his second paper of 1926 on collision theory (21). He first discussed the one-dimensional case for potentials such that IV(x)l < constant * x--2, and correctly showed that under these circumstances his expansion converges uniformly for any finite interval. This result may have led him to conclude, for the three-dimensional case: "The convergence of-the procedure can easily be shown on the assumption that V tends to zero as r-2; but we will not go into detail." That statement, alas, was incorrect.
Returning to our own work, we were encouraged to inquire whether we could atso do something for relativistic field theories. We failed. The kernels encountered in that case were too singular for our methods to apply. To this day, proofs or disproofs of the convergence of the Born expansion in field theory remain an important challenge, yet to be met.
